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Abstract
Experimental observations are used to quantitatively describe purely elastic
instabilities in viscoelastic jets issuing' from a capillary and an orifice. Beyond a
critical value of the dimensionless flow rate, or Deborah number, the free surface of
the jet becomes distorted with vertical stripes. The vertical stripes uniformly spaced
along the periphery of the jet are observed by photo-imaging measurements for PIB-
based Boger fluid. The critical conJitions for the onset of surface distortions and
temporal characteristics of the instabilities are measured. Measurements for the
extrudate swell are also made for different values of exit diameters to systematically
examine the effect of geometry.
CHAPTERl
INTRODUCTION
Polymeric fluids are sometimes viscoelastic and their behavior is different
from Newtonian liquids. Such fluids have both viscous and elastic properties, and
exhibit some unique characteristics. A number of important effects in the flow of
polymer fluids may be attributed to their elasticity. Elasticity gives the liquids an
ability to return to some condition when stresses are released. However, since fluids do
not possess a unique, original shape, elasticity adds a new dimension to such flows.
The present work focuses on the discharge of a polymer fluid from a capillary and an
orifice.
During extrusion, polymer fluids with unusual viscoelastic properties
discharging through capillaries or orifices, can display flow instabilities, such as
stripes and are subject to die swell even at low flow rates (Deborah number, De).
Under some conditions, with increased flow rate, different types of defects could
invade the whole extrusion (e.g. shark skins and melt fractures). These defects are very
important for the production of commercial polymeric products such as rods, pipes
and a wide variety of other products, because they limit the production rate in most
polymer processes. The study of the details and the possible controlling mechanisms
of extrudate defects are, therefore, of interest to industrial as well as academic
2
researchers. As a result, a substantial amount of literature consisting of experimental
observations and numerical analysis of the capillary die extrusions is now available.
1.1 Stripes and Die Swell
The stripe instability consists of several vertical grooves along the longitudinal
direction on the surface of the free jet. They are generated at and around the exit and
extend downstream vanishing gradually. Decades ago, such stripes were observed
from melts of nylon-6 (Pedon) discharging vertically from monofilament spinnerets .
[1]. But at that time there were no explanations for this effect and the phenomenon
was not analyzed further. About ten years later, Giesekus [2] reported the same defects
with polymer solutions of high molecular weight such as polyisobutylene when
discharging from a circular tube with a length to its diameter (LID) ratio of 18.75.
A more extensive observation of the stripes through orifice dies was done by
Piau et al. [3]. Four kinds of silicon fluids (Polydimethylsiloxanes, PDMS) with
different molecular weights, (Mw = 131,000 to 428,000), have been studied with three
different types of orifices. It is important to note that the experiments were conducted
with sudden contraction orifice with large pressure drops across the orifice. Each of
these PDMS fluids has a different critical Weissenberg number for the occurrence of
stripes. These stripes increase in severity and number with extrusion pressure, and
grow gradually till the whole jet surface is invaded. It seems that the conditions and
the patterns of the stripes are associated with flow rate, extrusion pressure and
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properties of the fluid used. They reported no instabilities upstream of the orifice while
stripes appear on the extrusion surface, thus implying lack of interdependency.
Die swell is another kind of flow phenome.non for viscoelastic fluid extrudate,
and has been observed experimentally by many researchers [4-6]. Here the diameter of
a polymer fluid extrudate is larger than the capillary where the extrudate is coming
from. The flowing polymeric fluids have extra stresses along the streamlines, and once
the fluid is outside the capillary this extra tension can not be supported by the fluid
surface tension alone and the fluid will expand radially. For convenience, die swell is
commonly given as the ratio of the jet dimension to the die dimension. Such a
definition provides a convenient quantitative measure of the swelling behavior.
Generally the extrusion swell is strongly dependent on the rheological and flow
properties of the liquid as well as other factors.
For example, in some experiments, Giesekus [7] and Joseph et al. [8] showed a
delay in die swell with increased flow rate. That is, "the fluid extrusion has about the
same diameter as the capillary for a distance several diameters downstream of the exit,
and then at this point shows pronounced swelling" [9]. Joseph et al. [8] have raised the
possibility that the delay in die swell may be associated with a change of type from a
supercritical flow in the capillary to a subcritical flow in the extrusion.
A large body of literature dealing with the numerical predictions of the delay
die swell is available [10-13] and they match the experimental results to varying
degrees of accuracy. Under the assumption of a no-slip condition on the wall of the
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reservoir and zero traction on the free surface, Sun et al. [12] showed their predictions
of die swell agreed with the experimental and the numerical .results by other
researchers for low apparent shear rate, which is defined as where Q is flow rate and R
is the radius of the capillary. However, some differences between their results and
other reported results were found for higher apparent shear rate (1 S-l ~ 10 S-l). They
hypothesize mesh-dependence at high apparent shear rate and the different methods
used in the calculation of particle tracking and the integration of non-Newtonian
stresses.
1.2 Sharkskin and Melt Fracture
The more complicated defects on the fluid jet surface are sharkskin and melt
fracture. These two defects are usually discussed together in many papers. The
distinction between them is now clear and is well defined. Sharkskin is a surface
defect characterized by small scale, high frequency rugged free surface due to the
relaxation of strains at the die outlet [3]. Melt fracture is an unstable phenomenon
which occurs beyond a critical De, throughout in a capillary or -die [3]. Melt fracture is
a complex phenomenon and may involve several independent mechanisms. In general,
sharkskin and melt fracture are strongly affected by the rheological properties and the
molecular structure of the fluid considered.
Sharkskin has been studied by many researchers [14-17]. The effect is a series
of parallel crack-like structures near the lips at the exit from the die. The investigation
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considered by Cogswell [17] resulted in the rupture of the polymer under tensile
stresses around the outlet singularity where the velocity is discontinuous. Additionally,
a latter study [18] showed that this defect is associated with high local stresses that are
initiated at the die exit. In a series of experiments done by Piau et al. [3, 19], cracks
were observed right at the exit of the orifice die when sharkskin appeared. As pressure
rises, these cracks grow and penetrate deeper into the silicon extrusion. However, the
sharpness of the crack depends on the fluid used. One of their conclusions was that the
upstream flow is perfectly stable when sharkskin occurs and the surface defect is an
exit phenomenon resulting from the high tensile stresses acting on the fluid.
According to one hypothesis, melt fracture could be initiated by " slip " at the
capillary or die wall. This has been supported by many experimental investigations. A
series of pictures was taken by Benbow and Lamb [15] and showed that slip actually
occurred for the silicon gums flowing through an acrylic die. However, other
researchers, Tordella [16] and Bagley [20], gave other explanations; such as the
polymeric fluid is fractured by elongation stresses. Based on his experimental
observations in a contraction, White [21] relates melt fracture to the instability
initiated in the form of a spiral flow at the contraction.
As mentioned earlier, Piau et al. [3] have made one of the better
documentations of melt fracture phenomena by their experiments. They suggested that
the onset of melt fracture for various fluids used corresponded to different critical
values of the stress. However, the s~ear stress at the wall depends on the fluid
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considered, and remains independent of the length and diameter of the die. In addition,
the upstream flow was seen to be unstable [3] when the melt fracture occurred. They
report the onset of instabilities in the form of jerky pulsation with backflows that
gradually extend over the whole upstream field, which finally looses its symmetry.
This clearly seems to imply the dependence of melt fracture qn the lip vortex and
sudden contraction instabilities.
Numerical work done by Hatzikiriakos [22] detail about the onset of sharkskin
and melt fracture. It is shown that both adhesion and slip promoters eliminate surface
defects by decreasing the stretching rate of polymeric fluid at the exit of the die,
although slip velocity is not the necessary condition for the appearance of sharkskin.
1.3 Time-Dependent Phenomenon
The time-dependent phenomenon of interest here are with regard to the
movements of stripes. The stripes move around disappearing and reappearing on the
surface of the polymeric extrudate. There is neither any distinct definition nor clear
explanation for this phenomenon thus far. The diameter of the· fluid extrusions also
changes due to the vanishing and appearance of the stripes. The time-dependent
phenomenon has also been observed by Giesekus [2] for a rectangular jet. In his
experiments, wider grooves were perceived to be generated with increased rate of
discharge though the narrower ones did not vanish. These wider stripes were not
stationary but '~traveled" from the middle to both sides i.e. they were generated in the
7
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middle and vanished at the edge [2]. Moreover, at very high rates of discharge, he
reported that the groove pattern moved as above but the jet displayed irregular motions
in the cross direction. Giesekus hypotheses that the occurrence of stripes as a
consequence of the periodic pressure variation associated with instabilities of cellular
type in pipe flows.
1.4 Scope of Present Work
The present work consists of experimental investigations of Boger fluid
discharging from a capillary and an orifice. The experiments are performed under
constant pressure level conditions and at room temperature. Surface defects mentioned
earlier were observed and also quantified. Digitized imaging techniques to determine
the diameter of the viscoelastic fluid extrusion, and to quantity the time-dependent
phenomenon were developed, and are demonstrated.
Details of the experimental set-up, including the ratio of the length to the
geometries of the capillary and the orifice, are described in Section 2.1. In Section 2.2,
the procedures for preparing the Boger fluid used in the flow experiments and its
rheology, mechanical properties as well as the material derivative functions are
described. The fluid rheology is based on published literature which used the same
type of fluid. Deborah number (De) which was presented as a primary independent
parameter for our results is well defined in the experiments. In Section 2.3, the
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measurement techniques such as image processmg and Fast Fourier Transform
procedures used for several of the measurements are described.
Results including the surface images are presented Chapter 3, and related
conclusions are presented in Chapter 4.
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CHAPTER 2
EXPERIMENTAL METHODS
2.1 Apparatus
Experiments for the measurements of die swell and related phenomenon were
done for a capillary and orifice exit. All the experiments used a solution of PB and PIB
called Boger fluid. All flow experiments were performed at room temperature and
under constant pressure conditions. Different flow rates were achieved by changing the
upstream pressure with the use of a pressure regulator. This enabled the observation of
the extrusion surface defeCTS affected by the flow rate. The jet has a finite length and it
discharged into a container. The fluid jet slowly spiraled around when it hit the bottom
of the container, and thus the extrusion near the exit was slowly oscillating. It was
important to minimize their oscillations to get clear images of the jet. The total length
of the jet from the exit of the capillary (or the orifice) to the bottom of the container
was approximately 1000 rom or about 110 jet diameters.
The experimental set up for the capillary experiments is shown in Figure 2.1.
The tank is connected to an air compressor and a pressure regulator and is pressurized
to push the Boger fluid through a straight vertical tube with a circular exit. Under the
capillary, a container on the weighting scale is used for collecting the fluid and
measuring the flow rate. The capillary tube, 123 rom long, 13.74 rom in outer diameter
and 8.94 rom in inner diameter, made of a copper alloy and was connected to the
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bottom of the tank through a valve. The length (L) to diameter (D) ratio of the
capillary is 123 /8.94 = 13.76. The tank could hold about 7 liters of fluid.
The apparatus for the orifice experiment shown schematically is in Figure 2.2.
Boger fluid is driven through the orifice by air compressor as well. The orifice is
fabricated from a thin steel plate with a hole drilled in its center. The orifice hole is
1.02 mm long and 9.4 mm in diameter, as shown in Figure 2.2(b). The length (L) to its
diameter (D j) ratio is therefore 1.02 / 9.4 = 0.11. In addition, the tank made of
Plexiglas is 210 mm in inner diameter and about 200 mm tall. The ratio of the
diameter of the tank to that of the orifice is 210 / 9.4 = 22.34.
The diameters of the jet from the capillary and the orifice, were photographed
small enough to enable close-up observation of the Boger fluid extrusion. A 135-mm
Nikon FE2 camera with a 105-mm lens connected to a bellows was used for
photography. The film used was a black-and-white film, TMX 400, that was pushed to
ISO 800 to get faster shutter speed or larger depth of field. Due to the complex
reflection of the curved fluid boundary, two kinds of backgrounds were used to
enhance the observation of the Boger fluid extrusion. A gray paper background
enabled the visualization of the jet and some surface defects like stripes. A wooden
background helped in increasing the contrast between the boundary of the extrusion
and was useful for measuring the diameter of the extrusion by a digital image analysis.
The time-dependent phenomenon was recorded by a video camera with a 35-70
mm macro lens connected to a video cassette recorder capable of 30 frame per second.
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The VCR was connected to a PC with the use of a Data Translation real time video
frame grabber board. We made use of freezing and searching functions of the video
and Global Lab Acquire software to capture every 10th frame from the tape (1/3
second per picture). Thus, the information for the time-dependent phenomenon was
recorded on to digital (TIFF) images every 1/3 second for image analysis. Additional
details pertaining to the image analysis are included in Section 2.3.
An appropriate lighting condition is extremely important for obtaining high
quality image. With this concept in mind, a halogen fluoride light was used as the
primary illumination in both capillary and orifice experiments. Illumination from an
angle of around 45° to the line of the view of the camera was found to be best. In
addition, a flashlight was used to help observing and to bring out local small structures
which were otherwise difficult to see, especially for small flow rates. The mass flow
rate of the Boger fluid through the capillary and the orifice was measured by a
weighing the scale and a stopwatch.
2.2 Test Fluid Rheology
The test fluid is a polymeric solution called Boger fluid. It is a non-Newtonian
fluid with the unique properties of high elasticity, large and nearly constant viscosity
over a wide range with minimized shear-thinning effects. There are several
advantageous in using Boger fluid for the present experiment. First, Boger fluid is a
liquid at ambient temperature. It allows us to work at room temperature and avoid any
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problems arising from temperature regulation as well as changing the properties
resulting from the thermal effects. Secondly, Boger fluid has a constant but large
viscosity. Finally, since it is transparent, it is suitable for flow visualization
experiments.
The composition in weight percent of the Boger fluid used in the present
experiments are: 94.86 % polybutene (PB, Amoco H-300); 4.83 % tetradecane solvent
(C14); 0.31 % polyisobutylene (PIB, Scientific Polymers, Inc., MW = 6x106). PIB is
in solid form and must be cut into small particles for making the fluid. After PIB is cut
the appropriate amount of C14 is added to PIB in a jar to dissolve it. A magnetic stirrer
is put into the jar to help dissolve PIB. The jar is closed to prevent contamination with
dust etc., and is heated to around 35 to 40°C to help PIB dissolve. When the PIB
dissolved into C14 completely, it is added to PB around 35 to 40°C. It takes about 1 to
2 hours to mix PB with PIB-C14 solvent completely with a large stirrer rotating about
30 RPM.
To characterize the properties of such a fluid, a number of rheological
experiments have been reported by several researchers. Quinzani et al. [23] presented
the results of a thorough investigation of a similar PIB-based Boger fluid. The first
normal stress coefficient, 1fI1 (f) , is defined as
(1)
where 'rxx and'rw are normal stresses. Also, the viscosity, if), is defined as
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(2)
where Tyx is shear stress. The details of other material de~ivative functions such as
cOI~plex viscosity, 77'(0)), dynamic rigidity, 277"(0)) / 0), for this fluid are also
available in literature [24,25].
Samples of our fluids were tested using the Rheometries RDA-II rheometer by
Shiang et al. [26] and the results are shown in Figure 2.3 and 2.4. These measurements
were conducted by a cone-and-plate geometry at temperature of 25°C. Figure 2.3
shows nearly constant values for both the 77(r) and 7]'(0)) over three decades of shear
rates. When a critical shear rate is exceeded, i.e. rc == 8 S·I, the fluid becomes anti-
thixotropic due to the onset of purely elastic spiral instabilities documented by
McKinley et al. [27] and Oztekin and Brown [28]. McKinley et al. Documented elastic
instabilities in the viscoelastic, viscometric flow of polymeric fluid between a cone-
and-plate rheometer; and Oztekin and Brown predicted purely elastic instabilities in
viscoelastic flow between a parallel-plate rheometer using a linear stability analysis.
For higher shear rates as shown in Figure 2.3, the viscosity gradually decreases. The
solvent viscosity (77s) of PB-C14 mixture was 28 Pa's and the zero-shear rate viscosity
(7]0) for Boger fluid was 43 Pa's as reported by Shaing et al. [26]. The polymeric
contribution to the total viscosity, 77p ' is thus determined to be 15 Pa·s.
In Figure 2.4, the elasticity function '111 (r) and 27]" (0))/0) are shown as a
function of shear rate (r) and/or frequency (0)). '111 (r) is nearly constant for r of
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around 1 to 10 S·I. If/I (f) increases at r== 8 S·I due to the purely elastic instability, then
rapidly decreases at i' greater than 10 S·I. The zero-shear-rate relaxation time is
expressed as
(3)
where If/IO at low shear rates should asymptotically approach 217" / OJ as OJ --+ 0, i.e.
· 217" .
If/IO =hm-- =hmlf/I
w--+O OJ r--+O
(4)
Given the complex, non-monotonic behavior of If/I for small i', it is reasonable to
determine the relaxation time of Boger fluid based on If/IO == 55 Pa·s2• Accordingly,
55
the zero-shear-rate relaxation time (1."1) of the fluid is -- == 1.8 seconds.2 x 15
The importance of liquid elasticity and fading memory of a liquid in a particular
flow can be characterized by the dimensionless time constant (relaxation time /
characteristic time of flow) Deborah munber (De) defined as
~UDe=-
D
(5)
where D is the inner diameter of the capillary tube (or the diameter of the orifice), and
U is the average flow velocity. Mass flow rate ( M) was measured by a scale in these
experiments, U then can be expressed as
M= TCD 2 pU
4
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(6)
where p, = 890 kg/m3 is the fluid density. De = 0(1) indicates that both elastic and
viscous effects are important, and it is not possible to infer the behavior of the material
from creeping flow ofa Newtonian fluid.
The relative importance of inertial and VISCOUS effects IS determined by
Reynolds number, defined as:
pUD.Re=--l
770
(7)
where 770 is the zero-shear-rate viscosity. Reynolds numbers for the jets of interest are
much less than unity. In many polymer processing applications Re << 1, so that
inertial effects can be negligible. In addition to elastic effects, gravitational body
forces and the surface tension can. influence the dynamics and kinematics of
viscoelastic jets discharging from a capillary or an orifice. The relative importance of
the gravity and surface tensions are characterized by Stokes and Capillary number,
respectively
s=~
pgD 2
and
(j'Ca=-
77V
(8)
where g is the magnitude of the gravitational acceleration and (j' is surface tension
coefficient. The surface tension coefficient for typical polymers including PIB varies
between 30-40 xlO-3 N/m [30].
The type of viscoelastic flow (supercritical / subcritical) is determined by the
viscoealstic Mach number,
16


















Figure 2.12
The power spectra of the gray-scale intensity profiles for De = 3.41 at axial location of
(a) z = 1.57 mm, (b) z = 6.83 mm, (c) z= 10.67 mm.
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CHAPTER 3
RESULTS
Results of optical techniques described earlier are presented in this section for
a range flow conditions. The dynamics of the viscoelastic jet and the detailed structure
of the free surface of the jet emanating from a long pipe and from an orifice are
presented. The critical conditions for the onset of swell extrudate instabilities and the
spatial and temporal nature of the secondary flows produced by the instabilities are
documented. Surface distortions and their characteristics are presented for various
flow rates (Deborah number).
3.1. Viscoelastic Jet issuing from a Pipe
Gray-scale images of the viscoelastic jet issuing from a long pipe are shown in
Figure 3.1 for different values of Deborah number. For De = 0.12 the radius of the jet
at any point along the jet is smaller than the radius of the pipe at the exit. This
phenomena, referred to as necking, is observed for Newtonian jet at all flow rates. As
De is increased to 0.55, the jet radius near the exit becomes larger than the radius of
the pipe at the exit, as shown in Figure 3.1(b). This is referred to die-swell, and is as a
result of elastic normal stresses. This phenomenon is also referred to as Weissenberg
effect in the literature. Note that the extent of the die-swell increases as De is
increased. Gray-scale images of a viscoelastic jet exiting from a pipe that includes die
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swell and surface stripe distortions are shown in Figure 3.1 for the Deborah number
range 0.12 to 15.58. We note that the free surface has a die swell for all Deborah
number except for De = 0.12. The characteristics of these surface distortions are
presented and discussed below.
The choice of gray-scale intensity level to determine the location of the free
surface of jet is arbitrary through well bounded and determines experimental error.
Three different values of the gray-scale intensity level of 90, 128 and 166 for De =
0.12 and 7.16 were examined (as shown in Chapter 2) to establish the proper gray-
scale intensity level to determine the shape of the free surface of the viscoelastic jets.
The free surface profiles determined using these gray-scale intensity levels were
shown in Figure 2.7 and 2.8 for De = 0.12 and 7.16. It is quite clear from these results
that the gray-scale levels used here do not have a strong influence on the radius
obtained from the measurements. Based on this comparison, the mean gray-scale
intensity of 128, was used for the rest of experiments to determine the location of the
free surface of the jet.
The free surface profiles ofthe viscoelastic jet discharging from a long pipe are
shown in Figure 3.2 and 3.3 for various values of Deborah number. The dimensionless
radius of the jet, $ (ratio of extrudate diameter and die diameter), is plotted as a
function of nondimensioned axial position (Z = z /die diameter), where Z = 0 is the
exit of the die. The profiles of the jet close to the exit are shown in Figure 3.2, while
the profiles oflongjet are shown in Figure 3.3. We note that the swell radius of the jet
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increases monotonically as the values of De increases. For viscoelastic jets with De
smaller than Deswell (here Deswell < 0.55) the radius of the jet is smaller than the radius
of the die at all Z-locations. However, for De > 0.55, the radius ofthe jet is greater
than the jet exit radius at some axial locations near the exit. The value of Deborah
number for the onset of swell, Deswell is thus determined to be 0.55. It is clearly seen in
the Figure 3.3 that the extent of the swell increases as Deborah number increases. We
note that the viscoelastic jet of Boger fluid issuing from a pipe for 0.12 < De < 15.58
does not show any indication of 'delay of die swell', which has been reported for the
viscoelastic jets ofpolymeric fluid in the literature [10-13].
The profiles of the jet close the exit are shown in Figure 3.4 for different values
of De. It is interesting to note that the radius of the jet at the exit (Z = 0) for De < 0.55,
= Deswel\' seems smaller than the radius of the pipe exit. The jet appears to emanate
from just inside the pipe, but in reality it is not. The appearance is a manifestation of
an extremely large curvature of the free surface (8 2R/ 8Z 2 ) near Z = O. Thus at Z = 0,
the jet radius seems to be less than die radius (see Figure 3.5a). However, this
phenomena is not observed for jets with De >Deswel\ (see Figure 3.5b).
The variations in the dimensionless maximum jet radius ~max (extrudate swell)
and the axial position Zmax where the maximum radius occurs with Deborah number
~
are shown in Figure 3.6 and 3.7. For De < Deswelh = 0.55, the dimensionless maximum
radius is ~max = 1, and exceeds unity as De is increased to 0.55. As shown in Figure
3.6, the maximum radius increases sharply as Deborah number is increased beyond the
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critical value of Deborah number for the onset of the die-swell, and remain almost
unchanged at very large values of Deborah number (De > 16). The results of
predictions of extrudate swell by Tanner's theory [30] are also shown in the Figure
3.6. Pearson [32] has reported improvements to this theory, and their predictions of
extrudate swell are quite similar. Tanner's theory predicts the extrudate swell ~max,
(19)
The results of present experimental measurements and theoretical predictions
agree remarkably well for the values of Deborah number De ~ 8. The location where
the maximum diameter occurs, Zmax' shifts away from the exit with increasing De (see
Figure 3.7) but the present results corresponding to very small values of Mach number
do not exhibit any delay of die swell.
We next examine the spatial structureoithe free surface of the viscoelastic jet
issuing from a long pipe. Gray-scale images of the viscoelastic jet near the exit of the
pipe are shown in Figure 3.8 for various flow rates (De). For De = 0.11 the jet surface
is smooth and no surface distortion is observed. For De = 0.12 and above, the free
surface exhibits the formation of vertical stripes uniformly spaced along the periphery
of the jet near the exit. The distortions in the form of stripes laid longitudinally along
the jet are confined to a very small region near the pipe exit at this Deborah number.
The thickness of the stripes is very small and the die stripes out slightly away from the
exit, and the surface of the jet becomes smooth again away from the exit. The critical
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Deborah number Decril for the onset of this instability manifest itself as a surface
distortion is measured to be 0.11 < Decril < 0.12. This instability produces secondary
flow that is periodic in the azimuthal direction with a well-defined wavelength. The
e
magnitude (thickness) of~the stripes and secondary flow produced by the instability
increase as Deborah number is increased above the Decril' as seen in Figure 3.8(c)-(f).
The spatial nature of the stripes at low De can be quantified well with a unique
wave number (corresponding to the number of stripes around the jet). Figure 2.10,
2.11 indicate a gray-scale images of the stripes, along with the associated gray-scale
intensity data and the related spatial FFT at z = 0.8 mm, for De = 3.02. The near
perfect periodicity of the gray-scale intensity data in Figure 2.10b is indicative of
regularly spaced stripes along the length of the jet. We refer to these stripes as primary
stripes. Despite small irregularities within these primary stripes as indicated in Figure
2.10b, there is one predominant wave number, up = 1.274 mm-l, in the spatial power
spectrum (see Figure 2.11) corresponding to the jet and the gray-scale intensity
distribution. At this particular Deborah number, the flow is steady, and the stripes are
stationary.
The gray-scale intensity profiles across the jet surface at a fixed axial location
Z = 2.8 mm and spatial fast Fourier transform (FFT) of the gray-scale intensity
distribution are shown in Figure 3.9 for De = 0.14, 2.28 and 3.23. We note that for De
= 0.14 ~ Decril the gray-scale intensity is nearly uniform around the free surface of the
jet, and there is no discernible peak in the power spectrum plot. At this and lower De,
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one or two stripes were visible close to the exit. For De =2.28 the gray-scale intensity
at Z = 2.8 mm varies periodically along the periphery ofthe jet. The peak in the power
spectrum at a = 0.905 mm-1 denotes the wavenumber of the stripes, which corresponds
to 31 number of stripes around the free surface of the jet at this particular axial
location for this Deborah number. The amplitude of the variations in the gray scale
intensity at the same axial location increases as Deborah number is increased to 3.23,
as seen in Figure 3.9c. The number of stripes for this jet is determined to be 30. The
number of the stripes around the jet surface is plotted in Figure 3.10 (at Z = 0.76) as a
function of Deborah number. The number of stripes first decreases as De increases,
and then remains nearly unchanged for 4 < De < 5. The number increases as De
increases further (at Z = 0.76), as shown in Figure 3.10.
As described above, the stripes extend from the exit to a certain axial location
Z = Ls' where Ls is defined as the length of the stripe. In other words, the free surface
is distorted only in the region 0 < Z < Ls' and the surface distortion dies out for Z > Ls
and the surface becomes smooth again. The length of the stripes varies strongly with
De. In order to quantitatively determine the length of the stripes for a given De, the
gray scale intensity profiles were analyzed at different axial position. As an illustration
we plot the gray-scale intensity profiles and fast Fourier transform of these intensity
distributions at several different axial positions in Figure 3.11 for De = 5.22> Decrit'
The gray-scale intensity profile varies periodically in the region 0 < Z < 7.15 and the
corresponding power spectrum at different location in this region show a clear peak.
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Note that the azimuthal wavelength of the stripes changes hardly, indicating that the
number of stripes at different axial position is nearly constant. The gray scale intensity
distribution becomes almost uniform at Z > 7.15, and the corresponding power
spectrum does not show any noticeable peak at any wavenumber (except the zero
peak). The length of the stripes for this De is determined to be 7.15. This procedure is
repeated to find the spatial extent of the stripes at different value of De, and the result
is summarized by the plot of the length of the stripe (Ls) as a function of De in Figure
3.12. As noted, the length of the stripe increases monotonically with Deborah number.
At higher Deborah numbers, the structure of the stripes becomes time
dependent. This is brought out by the gray-scale intensity profiles and the FFT plots
shown in Figures 3.13 and 3.14. These data are obtained from instantaneous scans of
the jet from movie frames spaced at time intervals of 2/3 second. Figure 3.13 and 3.14
correspond to De = 4.88, and 21.30 respectively, and axial position Z = 1.65. The
successive FFT data at higher De (Figure 3.14) do not always have a single peak of the
kind discussed earlier for stationary, primary stripes (Figure 3.13, 3.14). Some times
there are multiple peaks indicating stripes of different widths (and a). Multiple a
peaks in the FFT are an indication of the existence of secondary, and tertiary stripes in
addition to the primary ones.
Figure 3.13 displays gray-scale intensity distribution (1) and FFT (2) data for a
De = 4.88, at Z = 1.65, at three different successive times 2/3 s apart. The gray-scale
intensity profiles all look almost the same with only minor differences related to the
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secondary stripes hardly discernible to the naked eye. The FFT's on the right on the
other hand clearly bring out these differences in the secondary stripes. The first peak at
the lowest wave number (largest wave length) in the FFT's corresponds to the
primary stripes. The next predominant peak (the right most) corresponds to the
secondary stripes, and the third is attributable to the tertiary stripes. The wave numbers
of these stripes (location of the peaks in the FFT's) is the same at all times. This
indicates the presence of three different kinds of stripes. Qualitatively, the amplitudes
of these peaks is indicative of the extent (space occupied) of these stripes on the jet
surface. The fact that the amplitude of each peak is different at different times (but at
the same location) is indication of the time dependency of the stripes (al be it a weak
time dependence), as shown in Figure 3.13 (a)-(c).
The procedure described above is used to analyze the temporal characteristics
of the flow and the free surface distortions (stripes) for the viscoelastic jet issuing from
a long pipe for De in the range Decrit < De < 21.30. The time dependent behavior of
stripes starts for De > 4.88, and the time dependency becomes pronounced with
increasing De. For higher De, ultimately, complex three-dimensional time dependent
flow and free surface structure are observed. For these jets, the variation in the
structure of the stripes with time can even be noticed directly from gray-scale intensity
profiles. To illustrate that, we plot gray-scale intensity profiles at a fixed axial location
Z = 1.65 corresponding spatial FFT in Figure 3.14 at three different successive times
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2/3 s apart for De = 21.30. The gray-scale intensity profiles and FFT plots differ
significantly at different times.
3.2 Viscoelastic jet issuing from an orifice
In order to explore the effects of geometry and upstream conditions on the
dynamics of the free surface of the extrudate, experiments similar to those described
above were also conducted for viscoelastic jets issuing from an orifice. The
experimental details of the orifice were described earlier in Chapter 2. The gray-scale
images of such viscoelastic jets from an orifice are shown in Figure 3.15 for Deborah
numbers of 1.65,2.01,4.76,6.80 and 13.20. The spatial and temporal structure of the
surface distortion are different for these viscoelastic jet issuing from an orifice
compared to the jets issuing from a long tube. The critical Deborah number for the
onset of the stripe instability (DecriJ for a viscoelastic jet issuing from an orifice is
about 2.01. For Deborah numbers slightly above Decrit (critical condition) only few
stripes appear around the surface and the stripes are not uniformly spaced at this
condition. With increase in Deborah number, the number of stripes increases, but the
stripes are still not regularly spaced around the surface and some stripes appear to be
deeper than others, as seen in Figure 3.15c for De = 4.76. For Deborah numbers above
4.76, the free surface structure becomes time dependent, and stripes begin to change in
thickness and travel azimuthally around the surface. The magnitude of the time
dependency in these jets is stronger than that for jets issuing from a long tube. As
Deborah number is increased further, the spatial structure of the stripes becomes more
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regular, spacing between stripes becomes more uniform and the number of stripes
increases significantly as seen in Figure 3.15 (d) and (e) for Deborah numbers 6.80
and 13.20 respectively. The stripes seem to travel faster at larger values of Deborah
number.
The radius of the free surface of viscoelastic jet emanating from an orifice is
shown in Figure 3.16 for different values of Deborah number. The critical Deborah
number for the onset of swell, Deswen ' for viscoelastic jets discharging from an orifice
is about 1.75, which is much larger compared to that of a viscoelastic jet issuing from
a long pipe (Deswen = 0.55 for jets issuing from a long tube). Here also, the extent of
die-swell increases as Deborah number increases.
The grayscale intensities of a viscoelastic jets from an orifice a cross the jet
diameter at specific Z are shown in Figure 3.15 (f) and (g). The grayscale intensities
and the corresponding special FFT are for Deborah number 13.20 at Z = 1.35. For the
two low De jets, the stripes are not visible as shown in Figure 3.15(a) and (b). At De =
13.20 the stripes are recognizable both in the grayscale intensity plot and in the
specific peaks indicated in the FFT of Figure 3.15. For this jet, the predominant wave
number a is about 0.55 mm-1 and translates to about 29 stripes around the jet. The
number stripes is less than the number of stripes (~ 34) seem with any of the jets from
a long tube. The time dependent behavior of the jets from the orifice is similar to those
exiting from a long tube.
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(f)
Figure 3.1
Gray-scale images of the viscoelastic jets issuing from along capillary of radius ~ =
4.47 mm. Images shown for different values ofDeborah number:
(a) De =0.12 (b) De =0.55 (c) De = 1.40 (d) De =4.08 (f) De =9.09 (g) De = 15.58.
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Figure 3.2
Profiles of the jet with close-up view plotted as a function of vertical position from the
exit at different values of De.
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Figure 3.3
Profiles of the long jet plotted as a function of vertical position from the exit at
different values ofDe.
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Figure 3.4
Profiles of the jet close to the pipe exit plotted as a function of vertical position from
the exit at different values of De.
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(a)
(b)
Figure3.5
The images of the viscoelastic jet of the Boger fluid close to the exit of long capillary
for (a) De = 0.1, (b) De ~ 0.72.
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Figure 3.6
The maximum jet radius C~max) plotted as a function of De for the capillary flow. The
measurements are plotted as CII) and the predictions of Tanner's theory [30] are
plotted as solid curved (-).
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Figure 3.7
The location (Zmax) of the maximum jet radius versus De for the capillary experiment.
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Figure 3.8
Gray-scale images of the viscoelastic jets issuing from along capillary of radius Ri =
~-
4.47 mm. Images shown for different values ofDeborah number:
(a) De = 0.11, (b) De = 0.12, (c) De = 0.66, (d) De = 5.03, (e) De = 9.03, (f) De =
15.58.
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Figure 3.9
The gray-scale intensity profiles (1) and the power spectra (2) of them for De values of
(a) 0.14, (h) 2.28, (c) 3.23. The intensity profiles are measured at the axial location of
Z =0.56.
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Figure 3.10
The number of stripe as a function of De for the capillary experiment.
55
80...-----------------.
12
(a) Z=ZI
250 150
8120
B 90.,
C.
til
t 60 l~A~8.30
00 3 6 9 12
a
(b) Z=Z2
)-
600
8
B400
.,
c.
til
...
~200
0
c.
o~.r\ I I I
12 0 3 6 9 12a
(c) Z=Z3
Figure 3.11
The gray-scale intensity profiles and their power spectrum for De = 5.22 at different
axial location (a) Z =1.74, (b) Z =3.27, (C) Z =5.68, (d) Z =7.15.
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Figure 3.11 (continued)
The gray-scale intensity profiles and their power spectrum for De = 5.22 at different
axial location (a) Z =1.74, (b) Z =3.27, (C) Z =5.68, (d) Z =7.15.
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The length of stripe Ls as a function ofDe for the capillary experiment.
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Figure 3.13
The instantaneous gray-scale intensity profiles and their spatial power spectrum at
time intervals of2/3 second for De =4.88.
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Figure3.14
The instantaneous gray-scale intensity profiles and their spatial power spectrum at
time intervals of 2/3 second for De = 21.3.
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Figure 3.15
Gray-scale images of the viscoelastic jets issuing from orifice of radius R; = 4.7 mm.
Images shown for different values of Deborah number: (a) De = 1.65, (b) De = 2.01,
(c) De = 4.76, (d) De = 6.80, (e) De = 13.20. The gray-scale intensity profile at Z =
0.23 and its power spectrum for De = 13.20.
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CHAPTER 4
DISCUSSION
Viscoelastic jets issuing from a long tube and an orifice have been observed
photographically and measurements are made by digital image processing of the
photographs. Flow visualization experiments with the PIB-PB-C14 Boger fluid reveal
the development purely elastic instabilities. These lead to surface distortions with the
spatial form of longitudinal stripes that are uniformly spaced around the free surface of
viscoelastic jets. Giesekus [2] hypotheses that the occurrence of stripes is a
consequence of the periodic pressure variation associated with instabilities of cellular
type in pipe flows. The surface distortion in the form of stripes develops near or at the
exit and dies out at the axial position Ls and the surface becomes smooth beyond this
location and flow steady and axisymmetric again.
The flow visualization results presented in this work provide a clear picture of
the spatio-temporal structure of the instability in viscoelastic jets of Boger fluid
issuing from a long pipe and an orifice. The vertical stripes equally spaced in the
azimuthal direction are formed on the free surface ofjet. The number of stripes for the
jets issuing from a long pipe varies from 30 to 40, while there are fewer (as low as 2-3
stripes) for jets issuing from an orifice for flows at De as high as 6.5. At higher De (De
> 12) the number of stripes in both the jets increases beyond 30.
Our experimental observations clearly show that the stripes produced from an
elastic instability are stationary for both viscoelastic jets issuing from a pipe for De <
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4.88. They become time-dependent for De > 4.88, the variation in the structure of
stripes with time becomes stronger as De increases. At high flow rates, stripes start to
travel in the azimuthal direction with a low wave speed. Time dependent stripe
splitting phenomena are also observed at high values of De. The stripes move around
and disappear and reappear on the surface of the polymeric extrudate. There is neither
any distinct definition nor clear explanation for this phenomenon thus far. The
diameter of the fluid extrusions also changes due to the vanishing and reappearance of
the stripes. The time-dependent phenomenon has also been observed by Giesekus [2]
for a rectangular jet. In his experiments, wider grooves were perceived to be generated
with increased the rate of discharge but the narrower groves did not vanish. These
wider stripes were not stationary but "traveled" from the middle to both sides i.e. they
were generated in the middle and vanished at the edge [2]. Moreover, at very high
rates of discharge, he reported that the groove pattern moved as described above but
the jet displayed irregular motions in the cross direction. Time dependent behavior of
jets issuing from long pipes has not been reported in the literature.
The dynamics and kinematics of the viscoelastic jet near the exit of an orifice
(i.e. the extrudate swell, formations and evolutions of surface distortions along the jet
surface) are strongly influenced by the diameter of the exit. Experimental
measurements of the critical Deborah number for the onset of the exdtrudate swell,
Deswell, and the corresponding Reynolds, Reswell, Stokes, Sswell and capillary, Caswell,
numbers are listed in the Table 4.1 for three jet of exit radius. Note that Deswell
increases as the exit diameter increases. Reynolds number at the onset of the swell is
small for all experiments (see Table 4.1) indicating that inertial effects are negligible.
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However, both Stokes and capillary numbers are 0(1) for each experiment, which
indicates the importance of gravity and surface tension effects on the dynamics and
kinematics of the jet. Relative importance of the elastic and gravity forces, and elastic
and surface tension forces is indicatedry (DeS) and (De/Ca). As the diameter
decreases the relative influence of gravity~ surface tension forces becomes larger as
shown in the Table 4.1.
Figure 4.1 to 4.3 shows the critical Deborah number at the onset of swell for
different values of the exit diameter. In each of the plots the regions of swell and
necking are shown and they are separated by the 'boundaries. As Deborah number
approaches zero, necking of the jet is obtained for all values of Stokes (S) and
capillary (Ca) numbers as is expected (see Figure 4.2 and 4.3). However, as De
increases both Stokes number and lICa for the onset of the extrudate swell decreases.
Similarly, the relative importance of the gravity and surface tension effects is
estimated at the critical condition for the onset of the surface distortions (vertical
stripes). Both surface tension and gravity effects are more dominant at this critical
point since the critical flow rate for the onset of stripes is smaller. For R = 4.5 mm,
R(mm) Deswell Reswell Sswell l/C!lswell (DeS)swell (De/Ca)swell
9.91 1.2 5.99 E-03 0.1512 0.733 .181 .88
4.47 0.55 5,34 E-04 0.1591 3.0 .0875 1.65
2.4 0.38 9.42 E-05 0.2014 15.56 .076 5.91
Table 4.1 The dimensionless group calculated at the onset of extrudate swell for
different values of the exit diameter
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Decrit == 0.1 and the critical value of S and l/Ca are calculated to be Scrit = 0.03 and
(l/Ca)crit = 0.55. Then (DeS)crit = 0.003 and (De/Ca)crit = 0.055 indicates that small but
non-zero elastic effects are enough to cause these elastic instabilities even when
gravity and surface tensions effects are very strong compared to elastic effects.
Critical De for the onset of die swell for the orifice is much larger than in the
case of a jet issuing from a pipe. Deswell is a function of the pipe diameter (and
associated dimensionless parameters) for jets issuing from pipes. Despite this
behavior, even for jets of same initial diameter, the Deswell for the orifice is much
larger than that for the jet issuing from the pipe. The pressure applied and the
associated normal stresses in the fluid are much smaller in the orifice flow compared
to the pipe flow for the same De (flow rate). As a result, the equivalent release of
normal stresses (and the associated swell) appears to take place at much higher flow
rates (for a much higher upstream pressure) for the orifice jet than the jet issuing from
the pipe. This may explain the larger Deswell seen for the orifice jets. The spatial
structure of the jets is also different as described above (number of stripes, etc.). At
values of De (~ 4.76), the jets issuing from the orifice also become time dependent
similar to the jets issuing from the pipes. The over all characteristics of this time
dependence seem to be quite similar to that described for pipe jets.
Delayed extrudate swell is not observed in the present experiments for any
values of flow rate. As proposed by Joseph and his co-workers [31] the delayed
extrudate swell is a critical hyperbolic phenomenon associated with a change of type
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the ones used here with relatively low over all driving pressure. While he does report
die swell in the jet and number of stripes on the jet similar to those reported here, he
did not observe shark skin or melt fracture with the polymer solution. The jet flow
from the orifice probably includes the effect of lip vortex just as in El-Kisssi's
experiment. Yet in the present orifice experiments, no melt fracture was seen even at
De much greater than the ones reported by El-kissi. The present experiments have
used a PIB based Polymer solution (Boger fluid) where as El-Kissi reports the use of
gums and long chain molecules (pDMS, linear and branched oil, and gums). His test
fluids had relaxation times of the same order of magnitude as the fluids used here, but
zero shear rate viscosity was 3 orders of magnitude larger. Thus to get the same flow
rates, and Deborah numbers, 3 order of magnitude larger pressures had to be applied
in his experiments. The larger molecular weight and the longer chain molecular
structure of the fluids used by El-Kissi might have also strongly influenced the surface
structure of the jets observed by him. That means that melt fracture is a phenomenon
that can not correlate with flow parameters alone and may have to be related to the
polymer structure also. It is probably necessary brings out the history of the total
normal stress change (including pressure changes) to explain the instabilities of the
kind observed by El-Kissi (shark skin, melt fracture).
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Figure 4.1
Deswell is plotted as a function ofR (nun).
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Deswell is plotted as a function of S.
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